The crystal structure of the eubacteria Mycoplasma genitalium ORF MG438 polypeptide, determined by multiple anomalous dispersion and refined at 2.3 Å resolution, reveals the organization of S subunits from the Type I restriction and modification system. The structure consists of two globular domains, with about 150 residues each, separated by a pair of 40 residue long antiparallel a-helices. The globular domains correspond to the variable target recognition domains (TRDs), as previously defined for S subunits on sequence analysis, while the two helices correspond to the central (CR1) and C-terminal (CR2) conserved regions, respectively. The structure of the MG438 subunit presents an overall cyclic topology with an intramolecular 2-fold axis that superimposes the N and the C-half parts, each half containing a globular domain and a conserved helix. TRDs are found to be structurally related with the small domain of the Type II N6-adenine DNA MTase TaqI. These relationships together with the structural peculiarities of MG438, in particular the presence of the intramolecular quasi-symmetry, allow the proposal of a model for S subunits recognition of their DNA targets in agreement with previous experimental results. In the crystal, two subunits of MG438 related by a crystallographic 2-fold axis present a large contact area mainly involving the symmetric interactions of a cluster of exposed hydrophobic residues. Comparison with the recently reported structure of an S subunit from the archaea Methanococcus jannaschii highlights the structural features preserved despite a sequence identity below 20%, but also reveals important differences in the globular domains and in their disposition with respect to the conserved regions.
Introduction
Type I restriction and modification (R-M) systems are heterooligomeric complexes that catalyze both the restriction and the specific modification of DNA. 1 Type I R-M systems comprise three different subunits, HsdS (S), HsdM (M) and HsdR (R), coded by three closely linked genes that are named hsd as the acronym for host specificity of DNA. The three subunits assemble either into a large complex with stoichiometry R 2 M 2 S 1 , which presents both methyltransferase (MTase) and restrictase (REase) activities, or into a smaller M 2 S 1 complex showing only MTase activity. The S subunit confers DNA sequence specificity to both the MTase and REase complexes recognizing an asymmetric bipartite nucleotide target. 2 The two components of the target, of 3-4 bp and 4-5 bp, respectively, are separated by a nonspecific spacer of 6-8 bp. The restriction or modification activities of Type I R-M systems are determined by the methylation status of the target sequence. The REase enzyme cleaves unmodified target sequences while hemimethylated target sequences are the substrate for modification. Abbreviations used: R-M, restriction and modification; Mtase, methyltransferase; REase, restrictase; CR, conserved region; TRD, target recognition domain; ORF, open reading frame; MAD, multiwavelength anomalous diffraction; SeMet, selenomethionine.
E-mail addresses of the corresponding authors: enric.querol@uab.es; xcvcri@ibmb.csic.es Type I R-M systems are widespread among bacteria. In addition to those originally identified in Escherichia coli and Salmonella enterica, 3 functional Type I R-M systems have been identified in Bacillus subtilis, 4 Citrobacter freundii, 5 Klebsiella pneumoniae, 6, 7 Lactococcus lactis, 8 Mycoplasma pulmonis, 9 Pasteurella haemolytica 10 and Staphylococcus aureus. 11 Screening of genome databases indicates that most of the bacterial genomes present nucleotide sequences that encode for the three subunits of the Type I R-M systems. However, some bacteria such as Helicobacter pylori (strains 26695 and J99) or Mycobacterium tuberculosis (strain H37Rv) and several Mycoplasma species, including Mycoplasma genitalium, contain incomplete hsd gene systems with only two or even one solitary genes present, mainly hsdS. 1 The maintenance of solitary S subunits among bacteria strongly suggests the existence of alternative or multifunctional (moonlighting) roles for the Type I R-M S subunits besides their participation in the MTase and REase complexes. Supporting this, genome-wide DNA microarray analysis comparing virulent and attenuated strains of Helicobacter pylori 12 and Francisella tularensis 13 correlate the absence of hsdS genes with the loss of virulence, even when the organisms already lacked the related hsdM and hsdR genes.
14 This unexplained correlation with virulence increases the interest for Type I R-M S subunits. Sequences from S subunits contain a central (CR1) and a C-terminal (CR2) conserved regions that are believed to have a dominant role in the interactions with M subunits. 15, 16 Alternating with the CRs are two variable regions, known as the target recognition domains (TRDs), which define the specificity for the DNA target sequences, each TRD recognizing one half of the bipartite DNA site independently. 2 The open reading frame (ORF) MG438 of M. genitalium is currently annotated as a restriction endonuclease S subunit based on amino acid sequence similarity (COG0732) and a domain architecture showing two TRDs flanking the central CR of the polypeptide (pfam01420). The highest degree of identity with the COG0732 consensus is observed at the end of the first TRD and spans to the contiguous CR. Neither M nor R subunits have been identified in the M. genitalium genome.
Despite having been studied for more than 50 years, the high-resolution structural information available of the Type I R-M systems remains very limited. We report here the crystal structure of ORF MG438 from M. genitalium. The analysis of the first structure from a Type I R-M S subunit from eubacteria provides a structural framework for the wealth of biochemical information available, corroborating most of the anticipated structural features.
Results and Discussion

Structure determination and overall protein organization
The three-dimensional crystal structure of a construct that includes the S subunit protein a Data set (1) was used for the initial phasing, while data set (2) was used for refinement. Data set (2) was also a SeMet derivative because only about 3 Å resolution could be obtained from the best diffracting native crystals.
b Values in parentheses are for the highest resolution shell. c The overall figures of merit of phasing from SOLVE and RESOLVE were 0.31 and 0.67, respectively for a solvent content of 64%.
sequence of M. genitalium coded by the ORF MG438 has been determined using the multiple anomalous dispersion (MAD) method with a selenomethionine (SeMet) derivative (Table 1 ). The crystal contains one protein molecule per asymmetric unit and the final model, refined at 2.3 Å resolution, comprises residues from Met1 to Thr374, two chloride ions and 129 water molecules ( Table 1 ). The quality of the electron density maps allows recognizing with confidence most residues' side-chains with only a brief interruption in the protruding loop defined by residues Asp310-Pro313. Main-chain conformational angles of all residues are found inside the most favourable or allowed regions of the Ramachandran map. The extension of 23 residues at the N-terminal end of the construct originated from the plasmid and the histidine tag used, and the nine C-terminal residues of ORF MG438 were not defined in the electron density and consequently have not been included in the present model. The overall fold of the protein is organized in three distinct structural regions: an N and a centralglobular domain and a pair of 40 residues long antiparallel a-helices separating the two globular domains (Figure 1(a)-(d) ). The N-terminal domain is constituted by the N-terminal residues, from Met1 to Asn142, and also by the C-terminal residues Pro371 to Thr374. The N-terminal residues of this domain correspond to the variable target recognition domain one (TRD1) previously described by sequence alignment analysis. 17 In the same way, the central-globular domain includes residues from Ser183 to Ser330 in good correspondence also with TRD2. Finally, the two antiparallel a-helices, residues Lys143-Phe182 and Phe331-Phe370, correspond to the central (CR1) and C-terminal (CR2) conserved regions, respectively. The two globular domains can be superimposed with each other giving a root mean square difference (rmsd) of 1.64 Å for 130 structurally equivalent C a atoms. The whole subunit can be superimposed with itself by a pure rotational symmetry of exactly 180.08 resulting in a rmsd of 1.55 Å for 345 equivalent C a atoms, which reveals both the accuracy of the intramolecular binary symmetry and the anticipated circular organization of the subunit (Figure 1(e) ). 15 The polarity of the intramolecular 2-fold axis allows the definition of two molecular faces named as S and Z because of their overall shapes (Figure 2 ). The S face is flat and shows two conspicuous patches of exposed hydrophobic and positively charged residues, respectively. In turn, the Z face is rugged, presenting the CRs at a lower level in relation to the TRDs surfaces, and will also be called the "DNA binding" face for reasons explained below.
Secondary structure elements, classified according to the DSSP algorithm, 18 present closely related topologies in TRD1 and TRD2 (Figure 1(a) ). The main difference between TRDs is the absence in TRD1 of the two a-helices a4 and a5 found at the beginning of TRD2. In TRD1 the equivalent locations of these helices are occupied by the N and C-terminal residues of the determined structure. The remaining secondary structure elements, initiated and ended by two antiparallel b-strands (b1-b9 in TRD1 or b10-b18 in TRD2), have equivalents in both TRDs. Each TRD domain consists of two antiparallel b-sheets with four and three short strands, respectively (b2-b8-b5-b6 and b4-b3-b7 in TRD1 or b11-b17-b14-b15 and b13-b12-b16 in TRD2) and of three consecutive a-helices (a1a-a1b-a2 in TRD1 or a6a-a6b-a7 in TRD2). The first a-helix has a strong hydrophobic character while the other two are amphiphilic. In each domain there are also two short 3 10 -helices (residues Ile18-Leu21 and Lys32-Leu34 in TRD1 or Leu206-Glu208 and Ser220-Glu222 in TRD2). The four-stranded b-sheet is the central motive of each globular domain interacting on one side with the hydrophobic helix and on the opposite side forming a small b-sandwich with the three-stranded b-sheet. The other side of this three-stranded b-sheet is solvent exposed at the tip of the domain and surrounded by two prominent loops (centred on residues Gly39 and Thr123 in TRD1 or Ser220 and Asp310 in TRD2). The hydrophobic helix is oriented perpendicularly to the CRs and in direct contact with them, which defines a hydrophobic core at the junction between each TRD and the two CRs. These hydrophobic cores, enlarged and delimited in both TRDs by the amphiphilic a-helices, include the apolar residues: Leu18, Phe22, Leu24, Leu64, Val66, Val68, Val75, Cys89, Leu91, Leu108, Ile115, Leu118, Ile127, Ile129, Ile132, Ile135-in TRD1 and -Leu206, Phe212, Ile252, Ile254, Ile264, Ile278, Leu280, Val289, Leu296, Ile303, Met307, Leu315, Leu317, Ile323 in TRD2. Interactions between CRs and the TRDs are mediated, almost exclusively, by the hydrophobic cores with just a few exceptions such as the bond O d2 Asp345-O 32 Glu161 requiring an uncommon protonation of the residues at physiological pHs. Finally, the organization of the two antiparallel helices, corresponding to the CRs, follows well the principles of coiled coils with a left-handed supercoil and an approximate heptad periodicity of the hydrophobic residues in each helix. 19 As a result of this organization the two helices are held together mainly by hydrophobic interactions, which are complemented by five salt bridges (O d1 Asp157-
Interactions between the CRs had already been suggested on the basis of reconstitution of active S subunits from truncated S polypeptides. 20, 21 Structural and sequence comparisons
The crystal structure of an S subunit from Methanococcus jannaschii (S.Mja) has just been reported at 2.4 Å resolution. 22 Despite a sequence identity below 20%, the structures of MG438 and S.Mja show a similar overall organization with a rmsd of 2.47 Å for 218 (57%) structurally equivalent C a atoms (Figure 3(a) ). When only the TRDs are superimposed the corresponding values are 1.91 Å for 113 (79%) equivalent C a atoms between TRD1s
Crystal Structure of M. genitalium S Subunit (Figure 3(c) ). Major differences between the MG438 and S.Mja structures can be described at two levels: first, as a result of the different disposition of the TRDs with respect to the CRs, with a relative rotation of 21.58 (Figure 3(e) ) and second, as differences between the TRDs both at the level of the secondary structure and in the conformation of some loops (Figures 3(b) and (c) and 4). On both homologues the orientations of TRDs with respect to the CRs seem very precisely and rigidly defined, as reflected by the accuracy of the intrasubunit 2-fold symmetry not affected even by the different crystal environments around each TRD. MG438, with the shortest TRDs, lacks a b-hairpin found at the N termini of both TRDs in S.Mja, which has four and five strands in the small and central b-sheets while in MG438 there are only three and four, respectively. The largest differences between the S.Mja and MG438 loops are found for Lys64-Leu78 with respect to Lys32-Lys49 from TRD1 and for Cys290-Lys345 with respect to Ile236-Pro245 for TRD2.
The structure-based alignment of MG438 with S.Mja restrains the sequence alignments with representative Type I R-M S subunits from the IA, IC, ID and IE families (Figure 4 ). The IB family has been excluded because of its low sequence similarity. 23 These alignments show a weak consensus sequence with just a few peculiar features: (i) residues corresponding to the MG438 b-strand b5 from TRD1, and also to its equivalent b14 in TRD2, present a pronounced hydrophobic character, which would be explained by the inaccessibility of this strand to solvent in the MG438 structure; (ii) a similar explanation can be proposed for the hydrophobic character of residues corresponding to the hydrophobic helix a2a in TRD1 or a7a in TRD2; (iii) in the alignments the two CRs are matched by sequences of about 40 contiguous residues showing an approximate heptad periodicity for the hydrophobic amino acids; (iv) Pro138 in TRD1, or its equivalent Pro326 in TRD2, located at the end of their respective globular domains, are fully conserved residues always preceded by a hydrophobic . Multiple sequence alignment of the HsdS homologs from Mycoplasma genitalium MG438, Methanococcus jannaschii DSM 2661 S.Mja, Escherichia coli S.EcoKI (a prototype for family IA), Escherichia coli S.EcoR124I (a prototype for family IC), Salmonella enterica StySBLI (a prototype for family ID) and Klebsiella pneumoniae KpnBI (a prototype for family IE). The secondary structure elements, assigned according to the MG438 structure, are also depicted with blue rectangles for helices and yellow arrows for b-strands. The structural alignment between MG438 and S.Mja was performed with program SHP 40 and used as a constraint during the sequence alignment performed with ClustalW. Despite the low sequence identity the conservancy of the polar or neutral character becomes clear when using a similarity colour code: red for the positively charged residues K and R; violet for the negatively charged D and E; blue for the hydrophobic residues A, C, F, I, L, M, V; dark blue for the aromatic residues H, W, Y; green for the polars N, Q, S, T; yellow for proline residues and orange for glycine residues. amino acid, mostly isoleucine. The main-chain oxygen of this conserved proline is inside the hydrophobic core without making any hydrogen bond, which likely requires the reduced conformational flexibility of proline residues for stability. Another fully conserved residue is Gly215 in TRD2. The equivalent location in TRD1 (Gly27 in MG438) is not always, but only often, a glycine. Due to the proximity of Gly215 atoms to the main-chain of neighbour residues, with shortest distances of 2.90 Å to Gly274 and 3.16 Å to Asn273, steric hindrances are expected for any amino acid other than glycine in this position.
Structural and sequence comparisons of S proteins support the idea of a common origin for the Type I R-M systems, with hsdS genes coding for molecules having an accurate intramolecular binary symmetry that could have arisen by either gene duplication or duplication followed by gene fusion. 24 The low consensus between TRDs appears due mainly to the variable requirements imposed by the diversity of target DNAs, but the alternative roles of S subunits could also contribute to this weak homology.
Crystal packing and possible oligomeric structures
In the MG438 crystal structure determined, two subunits related by a crystallographic 2-fold present a large contact area of 2340 Å 2 ( Figure 5(a) and (c) ). This contacting surface is mainly hydrophobic (1570 Å 2 ) due to the symmetric interactions of the apolar side-chains from Leu5, Leu7, Leu97 (TRD1), Val155, Phe156 (CR1) and Leu358, Ile361, Leu365, Leu369 (CR2). For an isolated MG438 subunit this cluster of apolar side-chains would be exposed to the solvent at the S face of the structure. Also present at the intersubunits interface are four strong hydrogen bonds, according to their short bonding distances, between Ser141-Glu226* and Asn151-Ser357* side-chains. The absence of solvent and the low temperature-factors of atoms from residues at the interface, reflected in the quality of the experimental electron density map, suggest a rigid interaction between the two subunits ( Figure 5(b) ). Gel filtration experiments, at the crystallization pH of 5.0, show the exclusive presence of MG438 dimers (data not shown), which likely correspond to the ones observed in the crystal. The crystal 2-fold axis relating the two subunits is close to perpendicular (968) to the intramolecular 2-fold axis of one of the subunits. However, these inter and intrasubunit 2-fold axes do not intersect, which rules out the possibility of a point group like molecular organization combining these symmetries. Instead, when the intrasubunit symmetry is considered, the apolar cluster of contacting residues is only in part mirrored by solventexposed residues still retaining a hydrophobic character, such as Leu166, Ile169, Leu173, Leu343 and Leu344 from the CRs. This second hydrophobic patch at the S face of MG438, though smaller than the first, must also have a tendency for intermolecular interactions. This possibility is supported by the structure of S.Mja where the two subunits found in the asymmetric unit, related by a local 2-fold symmetry, present a contact surface corresponding to the location of the second hydrophobic patch in MG438 ( Figure 5(d) ). Steric clashes seem to exclude the possibility of oligomers containing simultaneously the two types of dimers. In the MG438 structure the existence of solventexposed hydrophobic surfaces, besides the two just described at the S face of the subunit, is limited to residues Phe57, Phe60, Phe83 and Phe229, Phe241, Ile269 from TRD1 and TRD2, respectively. The presence of large hydrophobic surfaces only in the S face of the subunit, in contrast with what was reported for the S.Mja structure, might be reflecting the solitary character of MG438. The existence of these hydrophobic surfaces can also be related with the limited solubility commonly found for isolated S subunits, 25, 26 which could increase when burying these surfaces either by oligomerization, as in the dimeric structures of MG438 and S.Mja, or by interactions with the M subunits in the MTase complex (see below).
Relationship with TaqI MTase and modelling of a DNA complex
TRDs from MG438 are found by the DALI server to be structurally related ( Figure 6 ) with the small domain of the Type II N6-adenine DNA MTase TaqI for which a number of crystal structures, including a DNA complex, are available. 27, 28 The disposition of the oligomers resulting from the superposition of the small domain from TaqI MTase onto the TRDs immediately suggests an interaction model between S subunits and DNA with three basic features (Figures 6 and 7) : (i) the DNA contacts only the Z face (the DNA binding face) of both TRDs at the location defined in MG438 by the exposed side of the three-stranded b-sheet and the surrounding loops ( Figure 1) ; (ii) the portion of the DNA that bridges the separation between the TRDs, defined by the length and relative orientation of the CRs (about 22-28 Å in MG438), is not in contact with the S subunit; (iii) the 2-fold symmetry relating the two DNA chains can be matched by the intramolecular symmetry of the S subunit.
Modelling of the MTase complex was done as follows: (i) a regular B-DNA model, with 20 basepairs, was docked onto MG438 such that the subunit intramolecular 2-fold axis was coincident with a DNA 2-fold axis and the overlapping with the oligomers, coming from the superposition of the TaqI MTase complex, maximized (Figures 7(a)-(c) ); (ii) on the B-DNA the adenine bases to be extruded were assumed to be on the fifth base-pair on each side of the intramolecular 2-fold axis. This disposition was chosen as 8 bp is the most common interval between the adenine bases in recognition sequences (Type I R-M families IA and IC). The changes in the location of the adenine bases according to the possible spacer sequences, from 6 bp to 8 bp, would require only minor readjustments in the model. (iii) Finally the C-terminal region (about 245 residues) of the TaqI MTase complex was added by using now the DNA as the superposition target (Figure 7(d)-(f) ). M subunits from Type I R-M systems share about 40% sequence identity with the C-terminal region of Type II MTases that have, with rare exceptions, 22 an extension of about 200 residues that is mainly hydrophobic for the first 50. In the model obtained for the MTase complex this N-terminal extension ends close to the CRs (Figure 7(d) ), which would easily allow the direct interaction between M subunits and CRs, in agreement with a large amount of experimental data. 15, 16 The MG438 residues that, according to the model, could make contacts with the DNA, should be the ones in the small b-sheets of both TRDs and in the loops Met29-Lys32 and Thr122-Asn126 from TRD1, and Ser214-Tyr217 and Asp311-Phe314 from TRD2, which is in good agreement with the results obtained by mutagenesis with EcoKI. 29, 30 From the model only weakly specific interactions could be anticipated between the S subunit and the DNA with the closest contacts involving mainly the DNA phosphodiester backbone, which would explain previous experimental data suggesting that sequence-specific DNA recognition by the S subunit is only fulfilled when interacting with M subunits. 20 For MG438, electron microscopy studies confirm the existence of unspecific interactions with DNA (data not shown).
The model of the MTase complex obtained here starting with the MG438 structure presents major differences from the one proposed for S.Mja, both at the level of the conformation of the DNA and in the disposition of the M subunits in the complex. The S.Mja model assumes important distortions in the central part of the DNA molecule where no contacts with the S subunit are expected. The stability of these distortions is difficult to explain except if due to the interactions with the M subunits. The different orientation of the TRDs with respect to the CRs allows the docking of an essentially straight B-DNA in MG438, while it requires an important bending in S.Mja. The positioning of the M subunits away from the CRs appears difficult to reconcile with the experimental data referred to above, but a conclusive answer would require structural information of the MTase complex not yet available.
Materials and Methods
PCR cloning and protein purification
The mg438 gene contains two TGA codons that code for Trp13 and Trp192 of the corresponding polypeptide. For heterologous expression in E. coli, these TGA codons were changed to TGG by using site-directed mutagenesis. Two sets of mutagenic primers were designed to amplify the whole mg438 gene and perform the TGA codon arrangements by using a two-step PCR protocol. The first set of primers (mg438-1 and mg438-3) amplifies the first half (598 bp) of the mg438 gene. This fragment extends from ATG to Trp192 TGA codon. The sequences of the forward (mg438-1) and the reverse (mg438-3) primers were: 5 0 -GGAATTCCATATGATGACTCCAAAACTAAAGC TAAATAACATA AACTGGAC-3 0 and 5 0 -TGCTTCT AGTTTCCAATGACTTAG-3 0 , respectively. Both primers mg438-1 and mg438-3, contain one point mutation (underlined in bold) that allows substitution of Trp13 or Trp192 codons from TGA to TGG, respectively. The mg438-1 primer also bears one NdeI site (underlined in italic) for cloning into pET19b (Novagene) and one EcoRI site preceded by a guanine. The second couple of primers (mg438-2 and mg4384) amplify the second half (554 pb) of the mg438 gene. The sequence of the forward (mg438-2) and the reverse (mg438-4) primers were: 5 0 -CTAAGTCATTGGAAACTAGAAGCA-3 0 and 5 0 -GCGGGATCCCTAATAATCCTTAATAGATTTAGT-3 0 , respectively. The mg438-2 primer is complementary to the mg438-3 primer, including the same point mutation. The mg438-4 primer bears one BamHI site (underlined in italic) for cloning into pET19b. These two PCR products were used as a template for the amplification of the whole recombinant mg438 gene using mg438-1 and mg438-4 as primers. The recombinant mg438 gene was cloned into pCR 2.1-TOPO cloning vector and transformed into E. coli XL1-Blue strain. Three independent clones were sequenced. Sequencing reactions with fluorescent dideoxynucleotides were performed using the Big Dye 3.0 Terminator Kit (Applied Biosystems) following the recommendations of the manufacturer and analyzed in an ABI 3100 Genetic Analyzer (Applied Biosystems). The arrangement of the two TGA codons was confirmed, but an unexpected point mutation was also detected in all sequenced clones. The substitution of thymine 414 for guanine resulted in a conservative mutation in the CCT Pro138 codon. Interestingly, the new CCG codon has a higher codon usage (77%) than CCT (8%) in E. coli highly expressed genes. Finally, the recombinant mg438 gene of one of the sequenced clones was cloned into pET19b.
Four liters of a 90 minutes induced E. coli BL21 (DE3) culture containing the new plasmid were harvested by centrifugation at 5000g for 15 minutes at 4 8C and resuspended in 50 ml of binding buffer (5 mM imidazole, 500 mM NaCl, 20 mM Tris-HCl, pH 7.9). Protease inhibitor PMSF (1 mM final concentration) and DNase I (20 mg/ml final concentration) were added prior to lysis by sonication (3!2 minutes 250 W). The lysate was then centrifuged at 39,000g for 25 minutes and supernatant was filtered through a 0.22 mm low binding filter (Millipore). The recombinant protein present in the cleared lysate was purified as described in the pET instruction manual (Novagene). The purified protein was dialyzed against 500 mM NaCl, 20 mM Tris-HCl (pH 7.4). The total protein yield was 20 mg/l of recombinant protein per liter of culture. Protein aliquots were stored at K80 8C.
The selenomethionine (SeMet) derivative of the protein was produced with the same expression plasmid in the non-auxotroph E. coli BL21 (DE3) cells by adding SeMet to the culture 31 and purified following the protocol used with the native protein.
Crystallization and data collection
Crystals of the SeMet-MG438 were grown at 20 8C using the hanging-drop vapour diffusion method with a protein concentration of 7.5 mg/ml in 20 mM Tris (pH 7.4) and 1.2 M NaCl. Crystals grew to their maximum size, of about 0.2 mm!0.2 mm!0.15 mm, within a week after mixing the protein solution with a reservoir buffer (100 mM sodium citrate (pH 5.0), 2.0 M NaCl) and additive (0.1 M EDTA sodium salt) in a 1:1:0.25 ratio. These crystals belonged to trigonal space group P3 1 21, with unit cell parameters aZbZ76.6 Å , cZ174.8 Å and an estimated solvent volume content of 64% consistent with one protein molecule in the asymmetric unit (Table 1) .
X-ray diffraction was collected from crystals flashcooled at 100 K, in mother-liquor containing 20% (v/v) glycerol, using synchrotron radiation (beam line ID23-1, European Synchrotron Radiation Facility, Grenoble) and a MarMosaic 225 CCD detector. Data were integrated with MOSFLM 32 and scaled with SCALA. 33 For the initial phasing, data sets at three different wavelengths were collected, with complete anomalous information to 2.5 Å resolution, from a single SeMet crystal (Table 1 ). For refinement a different diffraction data set at 2.3 Å resolution was used. However, these refinement data were also from a SeMet crystal as only about 3 Å resolution could be obtained from the best diffracting native crystals.
Structure determination and refinement
Consistent locations for six Se atoms, over a total of six possible sites, were found using both SHELXD 34 and SOLVE 35 with the multi-wavelength anomalous dispersion (MAD) data. The resulting phases, with an overall figure of 0.31-2.6 Å , were input to RESOLVE 36 where density modification, in particular solvent flattening, was applied (Table 1) . Using data to 2.3 Å resolution the software package ARP/wARP 6.0 37 allowed the semiautomatic building of about two thirds of the protein with the default settings. Several rounds of refinement with REFMAC 38 and manual model rebuilding/refitting with Turbo-FRODO 39 resulted in a final model with good stereochemistry and X-ray agreement factors R and R free of 19.7 and 23.1, respectively (Table 1) .
Protein Data Bank accession number
Structure factors and coordinates have been deposited in the RCSB Protein Data Bank under accession number 1YDX.
